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P.A.M Dirac, Rev. Mod. Phys. 21, 392 (1949)

Dirac s Amaging Idew

The Front Form
Evolve in Evolve in
ordinary time 4 light-front time!
‘Ct o=ct — 2z ‘Ct T:t—|—Z/C

Plessas:
Polnt Forme

Instant Form Front Form
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Evolve inv LF time

d
P~ —
ZdT

Causal, Trivial Vacuum.

Laser Physics is
Light-Front Physics




Light-Front Wavefunctions: rigorous representation of composite
systems in quantum field theory

Fixed T=t+ z/c

kTt KO + k3

:E_PO_I_P3

EfEiPJF, 2P| + k)

Pt P,

Process Independent
Direct Link to-QCD Lagrangian/

Wi (@i, k1 Ai) A

STk, =0,

Irwawriont under boosts! Inde/pe/nd,e/ntofP“
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(A " - 2
(Ve —o = O~ O Jy =

"Working with a front is a process that is unfamiliar to physicists.

But still I feel that the mathematical simplification that it introduces is all-
tmportant.

I consider the method to be promising and have recently been making an.
extensive study of it.

It offers new opportunities, while the familiar instant form seems to be played
out. " - PA.M. Dirac (1977)
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1967 SLAC txperiment:
Scatter 20 GeV/c Electrons o protons
i a Hydrogen Tawget ep — e X
Discovery of the Quowk Structure of Matter

Proton

eﬁ\( o

Deep inelastic scattering: Experiments on the proton e-
and the observation of scaling”

Friedman, Kendall, Taylor: Nobel Prize
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Deep inelastic electron-proton scattering

do wo'
aaaaaa W20GeV &

* Rutherford scattering using £ o W30Gev 3
very high-energy electrons
striking protons

Discovery of quarks! \

e-

e-

0 05 1.0 1.5 2.0
Q° IN (BeV/c)®




* 69 o laﬂ

x 10° & 26° __ 2Mpyv
0.5 . 1 T T r 1 1(&)— Q2
0.4 R
S S POUUPR A G

v'Wy !
2| SLAC T
’ 1967 ‘
%5 | 2 | a 6 8
Qz

No- intrinsic lengthv scale !

Measure rate as a function of energy loss v and momentum transfer @
1 Q?

Lp; = —— —

Wpj  2q-p

Discovery of Bjorken Scaling
Electrow scatters on point-like quarks!
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Quawks invthe Proton

p=@Qud

\

Feynman & Bjorken:
“Parton” model

Zweig: “Aces, Deuces,
Treys”

e ] f m . Gell Mann: “Three Quarks for

Bjorken: Scaling 10~ 150 = 10— 13¢m, Mr. Mark”
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Fixed T=t+ z/c




Fixed T=t+ z/c

M2
H—(pt p=.9,)=(PT,—.0
P (]:_ 7p_ 7_%”-) ( 2q7.5+_)7 J-) QQ — q—%_

¢"=(q"q",q1) = (0,55 d1)

, ]g + 7 )2 + m?2 ]gz + M2

P- conservation 2q-p -+ M? = ( L QL) + L >

9 T 1l —=x
Q pLus WMass,
L — — .Tbj transverse momentumn

2q > g and final-state interaction corrections



Light-Front Wavefunctions: rigorous representation of composite
systems in quantum field theory

Fixed T=t+ z/c

kT kO + k3
r=— =
P~ PO + pP3
xiP+7$iﬁJ_+EJ_i
pPt, P,

\Un(ilii, ’]2 1) Az)

v Yotx; =1

Structuwre functions and other distributions L
computed from the squawre of the LFWFs 2 ki =01
Goal: Predict all featuwes from first principles

Valencia LC20I0 QCD at the Light-Front
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QCD Lagrangiowv

([ ] ([ ]
Generalization of QED
gluon dynamics UETK KInetic ansrgy mass term
\‘ quark-gluon dynamics /
nf
= (8%
Laco = - Tr(G G.) + Z iy D Z my v Wf
4g =1
A-f-"""f' <
QCD color chargo field strength tensor covariant derivative quark field

Scale-Invariant Coupling
Renormalizable
Nearly-Conformal
Asymptotic Freedom
Color Confinement

Yang Mills Gauge Principle:
Color Rotation and Phase
Invariance at Every Point of
Space and Time
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QD Lagrangiowvv

1 Ty _ Ny B
Lopp = —7Tr(F" Fu)+ > iU DU+ Y meTel,

(=1 /=1

1DV = 0" — eAH FHY = 0FAF — 0" AF

Scale-Invari i
Yang Mills Gauge Principle: cale-Invariant Coupling

. Renormalizable
Phase Invariance at Every
Point of S 4T Nearly-Conformal
oint of Space and Time
P Landau Pole
Valencia LC20I0 QEDECthelishtEECORe Stan Brodsky, SLAC & CP3
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Fundamental Couplings of QED and QCD

wfyuAuw ¢ Pyt A
[1X3] [3X3] 3X> —--=g(br) D 8%
QCD e QED

1
EQCD = —ZTT(G'WG'LW + ZZ\I/]CDM’)/'UJ\I/JC + me\lff\lff
f=1 f=1

— OFAF — GY AP — g[AF, A

Gluon vertices ?ﬂm §§ GHY Gul/

gluon self couplings



Angular Momentum on the Light-Front

LC gauge

J? §% 4+ ]z Conserved
Z Z LF Fock state by Fock State

l_

Gluon orbital angular momentum defined in physical 1c gauge

k>

[% —1(k

n-1 orbital angular momenta

J ak2 J akl)

Orbital Anguldr Momentum is a property of LEFWES

Nongero-Anomalous Moment -->
Nongero- quawk orbital angular momentum/!
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Calcudatiow of Form Factory inv Equal-Tiume Theory
Instant Form.

-

Need vacuum-induced currents

Calcudation of Form Factory ivv Light-Front Theory
Front Form.

Absent for gt =0  Z€ro 1

Complete Answer
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<p+qliT0)p>=2p"F(¢®)  1ueraction

picture
Ss *
P =Q*=—¢ Y | Fixedr=t+z/c
e d X !
¢T =0 ¢ (N | Form Factors ave

Overlaps of LFWFs

(ki) ¥ (kL)

struck. k', =ki;+ (1 —x;)qL
Drell &Yan, West

spectators k', =ki; — x4\

QCD at the Light-Front
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Fz

Z/ dCE koJ_ Z 6] ~ox Drell, S]b

* 1 *
[ T q—LwcTL (.T?;, k/J_za >\'L) wi(wia kJ_’ia >\Z) + q—Rwi (xia k,J_m )\Z) wg(xia kJ_i7 A’L) }
/J_,L-:kj_z'—CEqu_ klj:ij—l—(l—a?j)qL

9 qr,I. = q" T iqY

Xjokpj+a,

Xjs K] RN

—

4_ }_
Py, S,=21/2 p+q, S,=1/2
Must have AZ, = +1 to have nonzero F»(q?)

Nongero- Proton Anomalous Moment -->
Nongero- ovbitadl quark anguwlar momentum

Valencia LC20I0 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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"y
Feynman

Lodder
I

Cross

Self Energy
1T

Corner
T

Vacuum
Polarization
Iir

> r P

Valencia LC20I10
June 17, 2010

Time Ordered

QED g-2 inv LFPtv

) Roskies, Suaya, and sjb
(a) j

(a) (b)

(a)

Alternate denominator
renormalization

(a) (b) (c)

(a)

QCD at the Light-Front
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Anomalouws growvitomagnetic moment B(0)
Terayev, Okun, etal: B(0) Must vanisiv because of
Equivalence Theovem

growvitov
a, sum over constituents

Xjokpj+a,

- >
>
Py S,=-1/2 p+q, S,=1/2
Hwang, Schmidt, sjb;
Holstein et al B ( O) 0 tach FOC]C/ State
Valencia LC20I0 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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J=0 Fixed Pole Contribution to-DVCS

* J=o0 fixed pole - direct test of QCD locality -- from seagull or

instantaneous contribution to Feynman propagator

,y « ,y Szczepaniak, Llanes-Estrada, sjb

Close, Gunion, sjb

p

Real amplitude, independent of Q? at fixed ¢
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QCD Factorigatiovw
DVCS i hawrd-scattering domairv

ep — €' vp

Lepage, sjb

1 1 1
T — /0 da /O dy /0 0 i, M) Trr (2, y, 2 Q2 5,8 A b (1, M) (2, A)

Universal distribution amplitudes.
Renormalization Group Invariance:
Renormalization scale is unambiguous -- BLM

=0 Fixed pole from instantaneous gluon



Hadronw Distribution Amplitudes

Fixed T=t4 z/c

® Fundamental gauge invariant non-perturbative input to hard Lepage, sjb
exclusive processes, heavy hadron decays. Defined for
Mesons, Baryons

Lepage, sjb
® Evolution Equations from PQCD, OPE Efremou, Radyusbkin.
Sachrajda, Frishman Lepage, sjb
® Conformal Invariance Braun, Gardi

® Compute from valence light-front wavefunction in light-
cone gauge

Valencia LC20I0 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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Deeply Virtuad Comptow Scattering
VP — P

Seagull interaction.
(instantaneous quark.
exchange or Z-graph)
P s >> —t,Q% >> AHep
Hard Reggeon
» Domairv
T(v(q)p — (k) +p) ~ e Y sH(t)Br(t)
R
ar(t) — O Reflects elementary coupling of two photons to quarks
1 d 11 1 2
ﬁR(t)Nt—z d—(ZNS—QthS—GatﬁXGd%,E



Regge domair

T(v*p — 7 n) ~ € p; Z sk (t)Br(t) s >> —t, Q7

ar(t) > 0att — —o¢

J=0 fixed pole
Reflects elementary couplin

of two photons to quarks

Q2

99 (*p — yp) — L B%(t) ~ 7 ~ 25 at fixed L, <

2

Fundamentold test of QCD



J=0 Fired pole invrea and virtual Comptow scattering
Damashek, Gilmaz
Close, Gunion, sjk

’7* ( C])\\ ;y Llanes-Estrada,

Effective two-photon contact term Szczepaniak, sib

Seagull for scalar quarks
Real phase
0 2
M =3s") erFy(t)

Independent of Q? at fixed t

p

<1/x> Moment: Related to Feynman-Hellman Theorem

Fundamental test of local gauge theory

No ambiguity in D-term
()?-independent contribution to Real DVCS amplitude

do

2_ * :th
Sdt(*yp—wp) ()

Valencia LC20I0 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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Exclusive Electroproduction

/
ep — e'mn

T(v'p— ntn) ~ e ps 3 s%(t)Br(t)

R
AR (t) — — 1 Reflects elementary exchange of quarks in t-channel
1 2
Br(t) ~ do L at fixed &, L



Gunion, Blankenbecler, Savit, sjb

Regge domairv

T(v*p — 7 n) ~ € p; Z sk (t)Br(t) s >> —t, Q7

R
apr(t) ar(t) - —latt— —o0
Reflects elementary
1.0 exchange
0.5 of quarks in t-channel
1
| t Br(t) ~ )
< -
CVR(t) — —1 d ) 1
7P w+n> — B

da ~ L1l o1 gt fixed &
S

FWLdovme/mtaJ/ test Of(QCD



D,S.>= Y W, (xi, ki, i)k, A >
n=>3

suu over states withv n=3, 4, ...conustituenty

The Light Front Fock State Wavefunctions
P, (x1,K 11, As)

P

Yvy

are boost invariant; they are independent of the hadron’s energy
and momentum P¥. P
The light-cone momentum fraction

YVYY

kKD K+ K
= —

' pt PO pz P (
are boost invariant.
n g n B n_’L__’J_ =
;ki =P ,Zx,-_l,Zki =0~ ] (
/

Intrinsic heavy quarks|( 3(z) # s(x)
c(x), b(x) at high x ! )| u(z) # d(x)

Mueller: gluon Fock states>BFKL Pomeron tidden Color

YYYYY

YYVYYYYY

Fixed LF time




B E866/NuSea (Drell-Yan)

Intrinsic glue, sea,
heavy quarks

Valencia LC2010
June 17, 2010
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0
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d(z)/u(x) for 0.0

15 <2 <0.35

lll]llllllll'llllllllll

— MRS12
CTEQ4m
CTEQG6

E866 Systematic Error

lllllllllllllll

| S VT VT TN T O T T e

OIlll]llllllllllllll

0.1 0.2 0.3

X

0.4 0.5

0.6
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QCD and the LF Hadron Wavefunctions

AdS/QCD
ight-Front Holograph
LF Schrodinger Eqn

Hidden Color
Counting Rules

sea and gluon distributions

Heavy Quark Fock
States

Intrinsic Charm .

color transparency

P

W (24, k) M)

ard Exclusive Amm

Form Factors

Counting Ruly

Distribution amplitude
ERBL Evolution

pr( 1711727Q2

Baryon Decay




Measuwrement of Chawrmv
Structuwre Function

J.J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

1

1 First Evidence for Intrinsic Charm
1 Never been checked!

..'{. ..'-. i =
7 |
4 / '.‘r... i
3 ,i" I I
10 - f’ \\ F'GF/ ™ > /
- j_,l' ' {31[1[-?1““ J ﬁctor 0f30 } ,Y *
- .*I E
R |
o k -
i 1t PGF \ C AL
L0 u C
P \ ) u
; d
|

10 1 1 ] L

DGLAP / Photon-Gluon Fusion: factor of 30 too small

YYYYVYY

Valencia LC2010 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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Hoyer, Peterson, Sakai, sjb

Intrinsic Heowvy-Quowk Fock States
lFJ* <’§,LRI§ -

|
P B C

»
-

Y

IO

® Rigorous prediction of QCD, OPE BG

(] f=
D DI

® Color-Octet Color-Octet Fock State! Ay ¢

1

PC(_E/p ~ 1%
® Large Effect at high x

® Greatly increases kinematics of colliders such as Higgs production
(Kopeliovich, Schmidt, Soffer, sjb)

® Severely underestimated in conventional parameterizations of heavy
quark distributions (Pumplin, Tung)

M. Polyakov et al.

OPE

® Many empirical tests

Valencia LC20I0 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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week ending

PHYSICAL REVIEW LETTERS 15 MAY 2009

PRL 102, 192002 (2009)

Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

Data/Theor _
§18FDO, L =10fm" |y"|<08 | y'y"”<y0 Ag(pp — ’}/CX)
E16F yy*' >0 5“1506 v F YOeX
®1al eV —
21.25 Y+b+X T : { * Ao_(pp . /be)

T

0.8 -

—e— data / theory

Ty

LI

AN e e e s |

Ratio

0.6 _ i
u CTEQ6.6M PDF uncertainty [ ° o 0
04F -een ICBHPS/CTEQS.6M - insensitive to
02 = =" = IC sea-like / CTEQ6.6M - — b )K
E ............... Scale uncertainty C pp S 7‘ o 1 gluon PDF,
u Y. et
F vy >0
35
E 404X scales

120 140

Valencia LC20I10
June 17, 2010

.40 .

60

80

100 120 140
p, (GeV)

QCD at the Light-Front
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Signal for
significant IC
atx > 0.1
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e EMC data: ¢(z,Q2) > 30 x DGLAP
Q2 =75 GeV?, x = 0.42

e High zp pp — J/¥ X

e High zp pp — J/$J/$X

e High zp pp — N X ISR
e High zp pp — N X ISR

e High zp pp — =(ced) X (SELEX)

Valencia LC2010 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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Leading Hadrow Production
fromv Intrinsic Chawrmy

u - \ c
C u
' ~ >-O—»J/l{' ; ‘;iad - ) N
T 1 i
€ u

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A. and other Charm Hadrons at High xr

Valencia LC20I0 QUGiDlatthelight Eront Stan Brodsky, SLAC & cpr3
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Production of o Double-Charm Baryov
SELEX highxy < zp >=0.33

Valencia LC2010 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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Leading Hadrow Production
fromv Intrinsic Chawrmy

u - \ c
C u
' ~ >-O—»J/l{' ; ‘;iad - ) N
T 1 i
€ u

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A. and other Charm Hadrons at High xr

Valencia LC20I0 QUGiDlatthelight Eront Stan Brodsky, SLAC & cpr3
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|

08 -

07 r

0.6

Violation of factorization in charm hadroproduction.
P. Hoyer, M. Vanttinen (Helsinki U.),

Valencia LC2010
June 17, 2010

800 GeV p-A (FNAL) ©,=0,*A® M. Leitch
PRL 84, 3256 (2000); PRL 72, 2542 (1994)

i ~ open charm: no A-dep

at mid-rapidity

P

o iy == -
Oy’ ——E

» D (E789) e
EBBE/MNU Sea

BOO GeV p + A —» Jy

dxF(pA — J/¢YX)

Remarkalbly Strong Nuclear
Dependence for Fast Charmoninw

|Violation of PQCD Factorigation!

U. Sukhatme (lllinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp.

Published in Phys.Lett.B246:217-220,1990

QCD at the Light-Front
42
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J/y nuclear dependence vrs rapidity, XAy XF M Leitch
PHENIX compared to lower energy measurements

JAP s PHENIX Prelinsisacy J > ' PHENIX Preliminary
1.1 ‘ 1M -

E866: PRL 84, 3256 (2000)
NA3: ZP C20, 101 (1983)

1.0 }

- 1.0 +
—l NIl e O O ™

09 |

——

4+ B
® -t
o

| g 09 | . -‘. O !
& o8 | - o - o Hbtg»e/
g o8 | - alnorpﬁ,o—w

O E666 (38 GeV

O £ BN LSen (00 GaV 07+ NAS (19 GV |
NAZ (19 GeV) ' @ PHENIX j"p™ 1200 GeV X _

06 1} ' o Bop (200 GeV) 1 B PHENIX e'e” (200 GeV)
-;..' "o 1N eV i

T | DR YA S SN S —.
05 - — —————. . 0.0 02 0.4 0.6 0.8 1.0

X9 £z F
Kopsliowich, NP AG96.669.5001 Violates PQCD do_ (A —s J/pX)
_ dx ) p
factorigation!
Hoyer, Sukhatme, Vanttinen
Valencia LC2010 Qe acehellishtiEront Stan Brodsky, SLAC & CP3
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Kopeliovich, Schmidt,
Color-Opaque IC Fock state Soffer, sjb

interacty onw nucleawr front surface

Scattering ow front-face nucleow produces colov-singlet cc paiv

Octet-Octet IC Fock State No- absovptiow of
small colov-singlet

ﬁ ‘
—
>
—
d — A2/3 d
d-(pA — J/YX) = A?13 x F2(pN — J/$X)
Valencia LC2010 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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A2/3 component

0. 0.2 0 0.4 0.6 08 91
nn 200 GeV/c Xr
J. Badier et al, NA3

—~ 45
o
4 r :
x 35 pA — J/YX
]
S 25| do
¥ : | oA = 90 = AV A2

15 |- +

1.

os | Pty b

0 | | ] |

0 0.2 0.4 0.6 0.8 1
p 200 GeV/c

Excess beyond conventional PQCD
subprocesses



e IC Explains Anomalous a(xzr) not a(xs)
dependence of pA — J/¥X
(Mueller, Gunion, Tang, SJB)

e Color Octet IC Explains A2/3 behavior at
high zp (NA3, Fermilab) Color Opaqueness
(Kopeliovitch, Schmidt, Soffer, SJB)

e IC Explains J/¢ — pm puzzle
(Karliner, SJB)

e IC |leads to new effects in B decay
(Gardner, SJB)

Higgs production atxy=0.8! Goldhaber, Kopeliovich,
Schmidt, Softer, sjb

QCD at the Light-Front
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week ending

PHYSICAL REVIEW LETTERS 15 MAY 2009

PRL 102, 192002 (2009)

Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

Data/Theor _
§18FDO, L =10fm" |y"|<08 | y'y"”<y0 Ag(pp — ’}/CX)
E16F yy*' >0 5“1506 v F YOeX
®1al eV —
21.25 Y+b+X T : { * Ao_(pp . /be)

T

0.8 -

—e— data / theory

Ty

LI

AN e e e s |

Ratio

0.6 _ i
u CTEQ6.6M PDF uncertainty [ ° o 0
04F -een ICBHPS/CTEQS.6M - insensitive to
02 = =" = IC sea-like / CTEQ6.6M - — b )K
E ............... Scale uncertainty C pp S 7‘ o 1 gluon PDF,
u Y. et
F vy >0
35
E 404X scales

120 140
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Signal for
significant IC
atx > 0.1
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Intrinsic Chowrmw Mechanism for
Exclusive Diffraction Production

pp—J/Wpp

P
P e Xy = Xe T Xe
0)
Zo Incluwsive and Diffractive
H High-Xr Higgs Production]
Kopeliovich, Schmidt,
p Soffer, sjb

Intrinsic cc pair formed in color octet 8¢ in pro-
ton wavefunction = Large Color Dipole
Collision produces color-singlet J/y through

color exchange RHIC Experiment

Valencia LC2010 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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A Unified Description of Hadron Structure

B-Decays

Real Compton
scattering at high

Parton momentum
distributions TMDs

—’
| Wn(m% k1, )‘i)
madronization -
At the amplitude ieve LFWFé/

e Deeply Virtual Meson
Dlstr|put|on g
Amplitudes

Valencia LC20I0 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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GPDs & Deeply Virtual Exclusive Processes
- New Insight into Nucleon Structure

hard vertices

X - quark momentum
fraction

&- longitudinal
momentum ftransfer
\/t - Fourier conjugate

to transverse impact
parameter

H(x,E,1), E(x.E,T), . .| “Generalized Parton Distributions”

Timelike DVCS: Mukhurjee,Afanasev, Carlson,sjb
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Light-Front Wave Function Overlap Representation

DVCS/GPD ... .

Diehl, Hwang, sjb, NPB596, 2001
See also: Diehl, Feldmann, Jakob, Kroll

Bakker & |JI
Lorce

Valencia LC20I10
June 17, 2010
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Example of LFWTF representation

of GPDs (n+1 => n-1)
Diehl, Hwang, sjb

1 Al —jA?
JI=¢ 2M
n+1 dx: d k n+1 n+1
J1=¢)" ”Z/]_[ { ﬂj’ 16n35<1—2xj 5<2><Zk“>
— =

X 167T38(xn—|—1 + X1 — )5( )(]_C)J_n—l—l _I_I_{)J_l — A_)J_)

Ent1-n—1)(x,¢, 1)

X 8(x _xl)w(tl*—l)('xi’kLl’ I w(n+1)(xi’kJ_ia)\'i)gkl—)»n_Ha

where i =2, ..., n label the n — 1 spectator partons which appear in the final-state hadron
wavefunction with

=) - X
Xi = : il =kt
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Single~spin Leading Twist

asywumetries Sivers Effect
e Hwang, Schmidt,
sib
>— ,
current

quark jet Collins, Burkardt.

- v Ji, Yuan
. — —
i p qd X Pg c
quark : QCD S- and P-
' lomb Phases
P&@M,OLO“ T-Odd/ final state Coulo _
interaction --Wilson Line

S0 spectator Leading-Twist

system Rescattering
Prfitggf:tﬁm evehinction Violates pQCD
S and P- Waves Factorigation!
Sigw reversal n DY
Valencia LC2010 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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Final State Interactions Produce

T-Odd (Sivers Effect)

* Bjorken Scaling!

e Arises from Interference of Final-State Coulomb
Phases in S and P waves

* Relate to the quark contribution to the target
proton anomalous magnetic moment

* Sum of Sivers Functions for all quarks and gluons
vanishes. (Zero anomalous gavitomagnetic

moment) S Diet Xq |
/ Hwang, Schmidt.
sjb; Burkardt
Valencia LC2010 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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Final-State Interactions Produce o Sehide it
Pseudo T-Odd (Sivers Effect) Collins

Leading-Twist Bjorken Scaling! -

iS'ﬁjetXé)

Requires nonzero orbital angular momentum of quark

Arises from the interference of Final-State QCD Coulomb phases in S- and P-
waves;

Wilson line effect -- Ic gauge prescription Szefanis >

current
. . quark jet
Relate to the quark contribution to the target proton Y

anomalous magnetic moment and final-state QCD phases

final state

QCD phase at soft scale! interaction
New window to QCD coupling and running gluon mass in the IR zgsfet;tor>

11-2001

proton
8624A06

QED S and P Coulomb phases infinite -- difference of phases finite!
Alternate: Retarded and Advanced Gauge: Augmented LFWFs Pasquini, Xiao, Yuan, sjb
Mulders, Boer Qiu, Sterman
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Static

Dynamic

® Square of Target LFWFs

® No Wilson Line

® Probability Distributions

® Process-Independent

® T-even Observables

® No Shadowing, Anti-Shadowing
® Sum Rules: Momentum and J*

® DGLAP Evolution; mod. at large x

® No Diffractive DIS

W (24, k3, M\i)

Modified by Rescattering: IS| & FSI
Contains Wilson Line, Phases

No Probabilistic Interpretation
Process-Dependent - From Collision
T-Odd (Sivers, Boer-Mulders, etc.)
Shadowing, Anti-Shadowing, Saturation
Sum Rules Not Proven

DGLAP Evolution

Hard Pomeron and Odderon Diffractive DIS

current
quark jet

final state
interaction

spectator >

system
proton

Hwang,
Schmidt, sjb,

Mulders, Boer
Qiu, Sterman
Collins, Qiu

Pasquini, Xiao,
Yuan, sjb

Valencia LC2010
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QCD Lagrangiownv

quark kinetic energy +

gluon dynamics mass term
quark-gluon dynamics
\ ! /
1 nf B nf B
['QCD = —ZTT(G’UJVGW) + Z Z'\IffD'u’y“\Iff + me\lff\lff
f=1 f=1
iDV = it — g AH (D*, D¥] = igGH"

lim No — 0 at fixed a = Cras,ny =ngp/Cg
Analytic umit of QCD: Abelioww Gaunge Theory
QCD—>QED P. Huet, sjb
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QED (Ne=0): Underlies Atomic Physics, Molecular
Physics, Chemistry, Electromagnetic Interactions ...

QCD: Underlies Hadvon Physics, Nucleawr Physics,
Strong Interactions, Jety

Theovetical Tools

® Feynman diagrams and perturbation theory

® Bethe Salpeter Equation, Dyson-Schwinger Equations
o Lattice Gauge Theory, Higler, Lepage

® Light-Front Methods: Discretized Light-Front
Quantization, Transverse Lattice

e AdS/CFT!

Valencia LC20I0 QCD at the Light-Front Stan Brodsky, SLAC & CP3
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LF uantization
Bjorken, Kogut, Soper, Susskind
LFWFs and Exclusive QRCD:
Lepage and S)B, Efremoyv, Radyushkin
RGE and LF Hamiltontans:
Glazek & Wilson

PLCGE

Hornbostel, Pauli, & S)B

Pinsky, Hiller
Renormalization of H ¢

Hiller, Chabysheva, Pauli, Pinsky, McCartor; Suaya, sjb
Rotation nwvariance, Regularization
Karmanoyv, Mathiot
Z.ero-Modes: Standard Model
Srivastava, sjb



Light-Front formalismwm links dynamics to-
spectvoscopy
CD Physical gauge: AT =0
7QRCD _, HQ

kA
Heisenberg Matrix %\
Formulation 2 2 e
CD m” +k ) )
HPE? =3 =i + Hip
. X
- 5 KA
SRV
HY mt Matrix in Fock Space o e
(b)
CD p,s p.s
HOSP W), >= M2|T), > k)
ko ‘k,cs
Eigerwalues and Eigensolutions give Hadron ©

Spectrum and Light-Front wavefunctions
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(

LIGHT-FRONT SCHRODINGER EQUATION

?

Ty

pus
=

AT =0

June 17, 2010

Valencia LC20I10

ME_ZEE1+TH?

[
—

|

Ve | [ (@dlVgg) (e8] V lg39) 1 T Wog/x ]
Yagor | = | {6391V Iqq) (qaglVigqa) - | | Pygo/n
o] [ =] 20
G -~ ... ‘E:

G.P. Lepage, sjb

QCD at the Light-Front
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Light-Front QCD

>

H.C. Pauli & sjb

Discretized Light-Cone

Heisenberg Matrix Formulation Quantization
KA 2 3 4 5 6 7 8 9 10 1 12 13
%\ n  Sector a9 qag | qaqg 999 qdgg | qaqdqg | qdqdqd | 9999 | 94999 | q9qagg [99qdqdg|qaqdqdad
S o s
P p 5 0@
(a) _
3 g > |
ps’ k,A 4 qaq .
e AVAVAVAVAVAVE
A 5 999 }w
NSV ——— _ :}w
T Af 6 qq gg ~
kA p,s
(b) 7 qqqag .
8 qqqqag
P.S _Ps 9 9999
§ 10 qqggg
— > 1 qiqagg
k,c K,
12 qiqaqqg
(c) o
13 qU g3 qa 47

Eigenvalues and Eigensolutions give Hadron Spectrum and Light-Front wavefunctions

DLCQ: Frame-independent, No-fermion doubling; Minkowski Space

DLCQ: Periodic BC in x~

. Discrete kT frame-independent truncation



T I I I I I I I 1
50 F : SU@) K =102 ~ SU@3) K=1372 |
mi — (a) ] 60
~—
- = 20
10 F ‘\‘
0 1 ] i | 1 ] 1 S 0

0 0.2 0.4 0.6 0.8 1.0

SU3) K=22/2 -~
1/ {4 +;|;m2/92)”2

0 0.2 0.4 0.6 0.8 1.

1/ +:rcm2/g‘? )12 QCD (1 + 1)

Spectra for N = 3, baryon number B =0,1 and 2 as a function of g/m; K fixed.

Light Cone Quantized QCD in (1+1)-Dimensions.
Kent Hornbostel, Stanley J. Brodsky, (SLAC) , Hans Christian Pauli, (Heidelberg, Max Planck Inst.) . SLAC-PUB-4678,

Phys.Rev.D41:3814,1990.
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ELSEVIER Physics Reports 301 (1998) 299-486

Quantum chromodynamics and other field theories
on the light cone

Stanley J. Brodsky?, Hans-Christian Pauli®, Stephen S. Pinsky®

a Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
> Max-Planck-Institut fiir Kernphysik, D-69029 Heidelberg, Germany
“Ohio State University, Columbus, OH 43210, USA
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QUANTUM CHROMODYNAMICS AND OTHER FIELD THEORIES ON THE LIGHT CONE

1. Introduction
2. Hamiltonian dynamics
2.1. Abelian gauge theory: quantum
electrodynamics
2.2. Non-abelian gauge theory:
Quantum chromodynamics
2.3. Parametrization of space—time
2.4. Forms of Hamiltonian dynamics
2.5. Parametrizations of the front form
2.6. The Poincaré symmetries in the front
form
2.7. The equations of motion and the
energy—momentum tensor
2.8. The interactions as operators acting in
Fock space
3. Bound states on the light cone
3.1. The hadronic eigenvalue problem
3.2. The use of light-cone wavefunctions
3.3. Perturbation theory in the front form
3.4. Example 1: The gg-scattering amplitude
3.5. Example 2: Perturbative mass
renormalization in QED (KS)
3.6. Example 3: The anomalous magnetic
moment
3.7. (1 + 1)-dimensional: Schwinger model
(LB)
3.8. (3 + 1)-dimensional: Yukawa model
4. Discretized light-cone quantization
4.1. Why discretized momenta?

Valencia LC2010
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4.2.
4.3.
4.4.
4.5.
4.6.
4.7.
4.8.
4.9.

5.1.
5.2.

5.3.
54.
5.5.

Quantum chromodynamics in 1 + 1
dimensions (KS)

The Hamiltonian operator in 3 + 1
dimensions (BL)

The Hamiltonian matrix and its
regularization

Further evaluation of the Hamiltonian
matrix elements

Retrieving the continuum formulation
Effective interactions in 3 + 1 dimensions
Quantum electrodynamics in 3 + 1
dimensions

The Coulomb interaction in the front form

. The impact on hadronic physics

Light-cone methods in QCD

Moments of nucleons and nuclei in the
light-cone formalism

Applications to nuclear systems
Exclusive nuclear processes
Conclusions

Exclusive processes and light-cone
wavefunctions

6.1.
6.2.

6.3.
6.4.
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Is PQCD factorization applicable to
exclusive processes?

Light-cone quantization and heavy
particle decays

Exclusive weak decays of heavy hadrons
Can light-cone wavefunctions be
measured?

362
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Goal/ anv analytic first approximation to- QCD

As Simple as Schrédinger Theory in Atomic Physics

e Relativistic, Frame-Independent, Color-
Confining

e QCD Coupling at all scales
e Hadron Spectroscopy
¢ Light-Front Wavefunctions

e Form Factors, Hadronic Observables, Constituent
Counting Rules

¢ Insightinto QCD Condensates
¢ Systematically improvable

de Teramond, Deur, Shrock, Roberts, Tandy
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Light-Front Holography and Now-Perturbative QCD

Goal:
Use AdS/QCD duality to construct
a first approximation to QCD

Hadrow Spectrum
Light-Front Wawvefunctions;,
Running coupling inv IR

= in collaboration with
% n (aj 19 kj_z ; >\z ) Guy de Teramond and Alexandre Deur

Central problem for strongly-coupled gauge theories
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Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=17+z/c

Y X,ky) &

Invariant under boosts. Independent of pH
CD
HEp [y >= M|y >

Remawkable new insighty fromAdS/CFT, the
duality betweer conformal field theory and
Anti-de Sitter Space
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Applications of AdS/CFT to-QCD

5-Dimensional Confinement
Anti-de Sitter Radius
Spacetime

AdS
Boundary
Changes in
physical
length scale
mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond
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Conformal Theories awe ivwowriont under the
Poincore and conformal trovsformations with

MHY PH D, KH
the generators of SO (4,2)

S$O(4,2) has a mathematical representation on AdS;
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AdS / CFT: Anti-de Sitter Space / Conformal Field Theory

Maldacena:

Map AdSs X Ss to-conformal N=4 SUSY

e QCD is not conformal; however, it has

manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for
hard exclusive processes

® Conformal window: as(Q?) ~ const at small Q2

e Use mathematical mapping of the conformal group
S$O(4,2) to AdS;5 space
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Deur, Korsch, et al.
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